showing that it can achieve values below 1.5 deg in a fractional bandwidth of 4% around the operation frequency, which is an interesting frequency-stable broadside radiation.
I. INTRODUCTION
More than a decade ago, Extraordinary Transmission through a small aperture pierced on a periodically corrugated metallic plane was demonstrated, first at optical wavelengths [1] and then in other regimes of the electromagnetic spectrum such as microwaves [2] and millimeter-waves [3] . The corrugations have typically straight [4] or annular [5] shape and in the latter case, the structure is usually called Bull's-Eye (BE). An initial broadband analysis of the radiation mechanism was carried out in the optical regime for a BE structure in [6] , where the correspondence between the field enhancement due to the presence of a groove array and the increase of transmission was studied. This work was complemented with the experimental analysis presented in [7] where the radiation of a BE was recorded and discussed for different setup combinations (number and periodicity of grooves, wavelength and angle of observation, parallel and perpendicular polarizations, etc.).
An interesting outcome for this type of structures is the possibility to obtain low-profile and all-metallic high-gain antennas, first reported at microwave frequencies [4, 5, 8] , but nowadays extended to other frequencies such as millimeter-waves [9] , terahertz (THz) [10] and even near-infrared band [11] . These antennas can be encompassed as a subclass of the leaky-wave antennas family [12] [13] [14] with the particularity that they can overcome their open stop-band limitation enabling high-gain broadside radiation. A remarkable application envisioned for these antennas is the shaping of the output beam of THz quantum cascade lasers [15] . Also, the relatively high-directivity along with the low-profile compared to horn or reflector antennas make 2 them interesting solutions for microwave as well as millimeter-wave applications, for instance in the automotive and aerospace sector [16] .
Here we perform a broadband frequency analysis as well as a broad angular response characterization to understand better the operation of a BE antenna with a sinusoidal corrugation shape at a frequency range, millimeter-waves, where plasmonic models cannot be used. This way we intend to offer a thorough insight into the radiation mechanism of a BE with the idea of complementing the existing vast leaky-wave literature.
II. NUMERICAL, ANALYTICAL AND EXPERIMENTAL ANALYSIS
A description of the antenna can be found in our previous work [9] and is reproduced here in figure 1 (a-c) for the sake of completeness. The simulated and experimental gain of the antenna as a function of frequency and angle were obtained at both principal planes, i.e. E-plane and H-plane [17] , as described in the supplementary material [18] . The results of the experimental measurements are shown in figure 2 (a,c) , for the E-and H-plane, respectively, and show good agreement with simulation results, figure 2 (b,d) . From these results, the radiation and leaky wave parameters can be easily deduced showing clearly the radiation mechanism. , n = -1 (red circles) and n = -2 (pink circles) extracted from the measured beaming direction (e). Gray area indicates the fast wave or radiation region. Green dashed lines correspond to the analytically calculated phase constants.
As discussed in [12] , leaky wave antennas present a scan-angle behavior, i.e. the beam direction can be changed with frequency. This is due to the fact that the phase constant n varies with frequency. In general, as frequency is swept the beam direction, θn, follows the next equation [13] :
where n is the index of the radiated space harmonic, βn is the phase constant of the n-th space harmonic, β0 is the phase constant of the n = 0 space harmonic (which corresponds to the travelling wave supported by a non-corrugated flat metallic plane, valid only for cases where the modulation is weak), k = 2π/λ the free-space wavenumber and d the period of the periodic structure.
In this structure, the wave propagates along a metal-air interface where the metal is a good electric conductor. Therefore, we can approximate β0 ≈ k. Based on this, we obtain:
Thus, by means of (2), it is possible to estimate the beaming angle on the E-plane for each frequency given a certain periodicity. The calculated curves have been represented in figure 2 (a,b) overlapped to the measured and simulated results. As shown, they present a good matching with the beaming direction of the first pair of radiated space harmonics n = 1 and n =
2.
With the central slot excitation used, and due to the symmetry of the problem, currents are mainly directed along the y-z plane (E-plane, [17] ), as shown in previous works [4, 5] . The symmetry of the problem also imposes that the surface current along x is negligible. Consequently, the analytical description based on one-dimensional leaky-waves is meaningful only on the y-z plane. Hence, analytical lines are not overlaid in the x-z plane.
From (1) and extracting the beaming angle either from the experimental or numerical results of figure 2 (a,b), it is straightforward to deduce the phase constant of the leaky modes:
By applying this equation, the dispersion diagram of the n = 1 and n = 2 space harmonics are easily obtained, as depicted in figure 2(e). The phase constants calculated analytically, dashed green lines, are in good agreement with the curves obtained experimentally for both n = 1 and n = 2 modes. The phase constant for n = 0 (which is a bound mode and therefore inaccessible) was calculated by simply adding the term 2/d to the phase constant of the n = 1 space harmonic. As shown in the figure 2(e), the n = 0 fundamental mode is always close to, but out of the radiation cone, as corresponds to a non-radiating mode [14] . Conversely, the n = 1 space harmonic is within the radiation cone for all the frequencies considered. From figure   2 , three operation regimes can be distinguished:
(i) If f < 77 GHz then -1 < 0, i.e. the leaky mode corresponds to a backward-wave. What is more, given the symmetry of the antenna, the upper and lower halves of the structure (defined with respect to the x-z plane located in the middle of the antenna and crossing along the slot length) radiate in opposite directions. This is clearly seen in figure 2(a, b) where two beams, corresponding to the n = 1 mode, are radiated in the range between 70 and 77 GHz in opposite directions. The beaming angle decreases with frequency, as corresponds to a backward-wave.
(ii) If f ~ 77 GHz then -1  0, i.e. the leaky mode radiates at nearly broadside (direction of maximum radiation perpendicular to the plane of the antenna [19] , which in this particular instance is θ = 0deg.). This is also seen in figure 2 (a,b) .
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As frequency is swept towards the operation frequency f = 77 GHz, where λ0  d, the beams corresponding to each half of the antenna get gradually closer, pointing near θ = 0 deg and merging eventually into an apparently single broadside beam. It is noticeable the broadside beaming capability over a ~3.5 GHz bandwidth. As discussed in [20] pointing exactly at broadside is not possible, since this implies that β-1 must be exactly equal to zero. This is a singularity where the leaky mode becomes a standing wave, resulting in an open stop band in which radiated power sharply drops [13] , [20] .
(iii) Finally, if f > 77 GHz then -1 > 0, i.e. the leaky mode corresponds to a forward-wave. Additionally, at f = 77 GHz a second pair of beams emerge near 90 deg. These beams correspond to the n = 2 space harmonic and within the frequencies considered is a backward-wave. So, in figure 2(a,b) four beams are identified. The ones closer to broadside are due to the n = 1 harmonic. The beaming angle increases with frequency, demonstrating that they correspond to a forward-wave. Conversely, the beams near endfire (direction along the plane of the antenna) are due to the n = 2 harmonic. In this case, the beaming angle decreases with frequency, demonstrating that they correspond to a backward-wave. The amplitude of the beams associated to the n = 2 space harmonic is comparatively inferior since the antenna was optimized for operation at the n = 1 space harmonic.
To illustrate the operation at each region, the E-plane radiation patterns at three different frequencies [corresponding to the dashed white lines of figure 2(a)] are plotted in figure 3 . At f = 72 GHz two beams pointing at θ = ±3.3 deg are present (blue curve). This beams are due to the n = 1 space harmonic. Due to the inherent symmetry of the structure, both have the same gain amplitude of 18.1 dB. At f = 77 GHz, green curve, a single beam with a very high amplitude of 28.5 dB points in the broadside direction, whereas two low emerging lobes with amplitude 5.7 dB point near endfire, at θ = ±84 deg . These lobes correspond to the n = 2 mode [pink curve in figure 2(e)], which has entered the radiation cone, i.e. |-2| < k0 so that this space harmonic is a fast wave. At f = 82 GHz, brown curve, in addition to the n = 1 beams pointing at θ = ± 4.4 deg, the n = 2 beams clearly appear pointing near θ = ±60 deg. In this case, the amplitude of the n = 1 beams decreases down to 16.5 dB, while n = 2 beams rise up to 5.9 dB. It can be seen that for the optimized f = 77 GHz case the sidelobe level (23.9 dB) [21] is much lower than that of the other cases, (15 dB and 12 dB at f = 72 GHz and f = 82 GHz, respectively).
In order to clarify further the beam scanning behavior of the antenna, we performed a simulation study using a twodimensional (2D) equivalent structure similar to that presented in [22] . Details of the simulation can be found in the supplementary material. The Hx field distribution of the n = 1 mode at f = 60 GHz, f = 77 GHz, f = 82 GHz and f = 90 GHz on the E-plane is shown in figure 4 . The Hx component is chosen for the analysis because, due to the symmetry of the problem, the wave radiated by the central slot is a TMz mode.
6
When the frequency is below f = 77 GHz, λ > d, each half of the structure radiates in the opposite half-plane. Figure 4(a) shows that at f = 60 GHz the upper-half of the antenna radiates in the lower-half plane direction and the lower-half vice versa.
Both beams create a central zone near the surface of the structure with strong field concentration. As frequency is swept towards f = 77 GHz, both beams get closer, merging at f = 77 GHz into an apparently single beam pointing at θ = 0 deg, due to the parallel beam radiation of both upper and lower halves, figure 4(b) . Above f, the single broadside beam splits again in two. Figures 4(c) and (d) display the performance at f = 82 GHz and f = 90 GHz, respectively. For λ < d , each half of the antenna radiates in its own half-plane and both beams get further apart as the frequency is increased.
A parameter of paramount importance in antennas is the half-power beamwidth (θ-3dB). Figure 5 shows the θ-3dB beamwidth as a function of frequency for experimentally and numerically analyzed 20 period BE antenna along with the experimental Eplane radiation diagrams at each tagged frequency (b-e). 
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The largest beamwidth values are found at f = 73.5 GHz (b) and f = 77.6 GHz (d), where θ-3dB = 5.6 deg and θ-3dB = 4.4 deg respectively. At these frequencies, the beams corresponding to each half are so near that they cannot be resolved separately, appearing as a wider single beam, with large θ-3dB value. At the design frequency, f = 77 GHz, a narrow θ-3dB = 1.2 deg pencil shape beam is observed, whereas for frequencies above f = 79 GHz, beams are slightly wider. At f = 82 GHz (e), for example, a θ-3dB = 2 deg beam is recorded. It can be observed that the mean beamwidth value follows a decreasing tendency, due to the well-known directivity enhancement as the wavelength gets shorter. Meanwhile, the observed red-shifting of the experimental results with respect to the simulation results can arguably be assigned to fabrication tolerances, given the known high sensitivity of the operating frequency to the corrugation period. Narrower bandwidths recorded at higher frequencies (77 -79 GHz) might be due to fabrication tolerances as well as to the fact that simulations show far-field results, whereas our measurements, due to experimental set-up space constraints, are not rightly far-field (and no near-field to far-field transformation has been applied).
It is interesting to observe that within the range of f = 74.2 GHz to f = 77.3 GHz (4% fractional bandwidth), the measured θ-3dB values are below 1.5 deg. This is certainly a positive feature which demonstrates that the antenna beamwidth is stable around the design frequency. 
